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We have undertaken a systematic study of the influence of in-plane crystalline quality of the antiferromagnet
on exchange bias. Polarized neutron reflectometry and magnetometry were used to determine the anisotropies
of polycrystalline ferromagneti¢F) Fe thin films exchange coupled to antiferromagnéf&) untwinned
single crystal(110 FeF,, twinned single crystal110 FeF, thin films and(110) textured polycrystalliné-eF,
thin films. A correlation between the anisotropies of the AF and F thin films with exchange bias was identified.
Specifically, when exchange coupling across the F-AF interface introduces an additional anisotropy axis in the
F thin film—one perpendicular to the cooling field, the magnetization reversal mechanism is affested
observed with neutron scatteringnd exchange bias is significantly enhanced.
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I. INTRODUCTION mechanisms, including magnetoelasticity of the?Aould
also produce perpendicular exchange coupling between F
Investigations of exchange anisotroffyA) at the inter- and AF layers.
face between ferromagneti€) and antiferromagneticAF) When the F and AF spins are constrained to lie parallel to
materials have received renewed attention recently due to tH&e interface plane, Kodhfound that spin-flop coupling led
importance of EA in technological applicatiohé Theoreti- {0 exchange bias of the F-hysteresis loop. More recent stud-
cal and experimental progress has been made understandit§§ removed this constraint and found that spin-flop coupling

the phenomenology and mechanisms for exchange Hias would enhance the coercivity of the F thin film via an in-
crease in uniaxial anisotropy, but did not produce exchange

(the shift of the F hysteresis loop along the field axis—ab_ Rath g . f the AF h
manifestation of unidirectional EX Experimentally, the ef- 1as. T ather, a.cante .magnenc. structyre of the at .t €
F-AF interface in combination with an incomplete domain

e ey Wall I he £ or uncompensated moments i th At
hani §—1o’ dc ’th ¢ t d q 20) were required to produce exchange bias.
mechanisms, - an € lemperature dependence Hoi Alternatively, Miltenyi et al?* attribute exchange bias in
(Refs. 6, 11-1Bhave been studied in different systems. The-c,_co0 pilayers to the exchange interaction between the net
oretllcilallsstudles have produced various modelsHerand — magnetization of finite-sized AF domairfsounded by do-
Hc.*"™ These models include: formation of AF domain main walls perpendicular to the F-AF interface—as in the
walls parallel® and perpendiculaf to the F-AF interface, Malozemoff model’) with the F thin film. Their model pre-
spin-flop coupling across the F-AF interfae?" collective  dicts that a net magnetization of the AF layer establishes
excitations’>** uncompensated free spin densititand AF  unidirectional anisotropy in the F layer parallel to the cooling
domains with net magnetizatidf. field, so perpendicular exchange couplifeg spin-flop cou-
Coexistence of exchange bias and so-called perpendicul@ling) across the F-AF interface is not required to produce
exchange coupling across the F-AF interface, which is maniexchange bias.
fested by a perpendicular orientation between the uniaxial Owing to the computational complexity of numerical
anisotropy axis of the F relative to the uniaxial anisotropymodels, modeling generally involves idealized F-AF struc-
axis of the AF, has been experimentally obseri®tf Coex- tures, e.g., first-principle calculations are made for F-AF sys-
istence of these phenomena may be coincidental, or magems where the AF is an untwinned single crystal. An im-
suggest an interdependence. Sophisticated numerical modglediment towards proving/disproving some of the different
of EA have predicted that exchange coupling across thenodels for exchange bias is attributable to a lack of experi-
F-AF interface(for compensated AF surfagewill produce = mental data for nearly idealized systems. Experimental stud-
an arrangement where the spins of the F thin film are peries have focused primarily on systems in which the AF is
pendicular to those of the A%2! So called spin-flop cou- usually polycrystalline, sometimes textured, and least often,
pling is a low-energy configuration f@ F layer on a com- twinned (or multidomained single crystals are studi€d.
pensated AF surface, and can give rise to experimentallfome exceptions exiét;?’ for example, perpendicular ex-
observed perpendicular exchange coupling. Alternativeehange coupling was inferred from a magnetometry study of

0163-1829/2002/68.3)/1344368)/$20.00 65 134436-1 ©2002 The American Physical Society



M. R. FITZSIMMONS et al. PHYSICAL REVIEW B 65 134436

an F-untwinned bulk single crystal AF. _ _ that of the Fek thin film, while maintaining heteroepitaxial
Here, we report the results of a systematic experlmentaérowth conditions so that the Fgfnin film would grow as
investigation that correlates the in-plane crystallinity of theapy ynwinned110) FeF, single crystal. The extra step taken
AF layer with anisotropies created in the F thin film, mag-q deposit a thin film of untwinned single-crystatLo Fer,
netization reversal, and concomitant exchange bias UPORther than simply depositing Fe onto the b@ik0 FeF

field cooling (FC). Specifically, neutron scattering and mag- single crystal, facilitates a systematic and transparent com-
netometry measurements were taken from sampleswiith  5ison of in-plane microstructure ranging from untwinned

twinned single crysta(110) FeF,, and (110 textured poly-  Af films, to twinned AF films, to textured polycrystalline AF
crystalline Fek, AF thin films. (Measurements for the fms.

tv_vinned thin-film s_ingle-crystaﬂllO) FeF, system were pre- The second sample, called the twinned AF samplaK)
viously reported in Ref. 8. For completeness, conclusiongyas prepared by sequential electron-beam deposition onto a
from that study are repeated as needed in the present manysjished untwinned single-crystall00) MgO substrate.
script) The intent of this study is to understand how the preparation of sampleAF, and its characterization via x-ray
in-plane crystalline structure of the AF influences EA acrosjtfraction, neutron reflectometry, and magnetometry were
the F-AF interface by observing magnetization reversal progiscyssed previously in Ref. 8. Sampi&F was composed
cesses in the F layer with neutron scattering, and by measugz FeR, (90 nm), Fe (11 nm, and Ag(3 nm). The twinned

ing exchange bias with magnetometry for samples in whichy,cqyre of Fefis a natural consequence of growing a rect-
the crystal structure of the AF layer is sys.temat_|callyangmar lattice(i.e., the (110 plane of Fek) on a square
changeq. Al AF films have(110 out-of-plane orientation |agicefi.e., the(100) plane of Mgd and produces twin crys-
(texturg; however, the in-plane structure changes fromy gomains oriented 90° to one another. The roughness of
single crystal to twinned to polycrystalline. the F-AF interface for sampleAF was 1.2£0.5 nm.

With a cooling_ field applied_ perpendicular tP the SpINS of 41 the third sample, called the polycrystalline AF sample
the untwinned single crystalline AF, a classic instance of p-AF), a ~1-um-thick MgO film was first grown onto

perpendicular exchange coupling across the F-AF interfac lass using ion-beam-assisted deposititBAD).2® IBAD

was observed, yet exchange bias was not observed. A coolirfg, o\ es hombarding the sample substrate with low-energy
field a_lpplled to the samp_le with the textured polycr_ystallmeions’ as MgO is deposited via electron-beam deposition onto
AF, yielded exchange bias even though perpendicular exq,o o pstrate surface. The angle of incidence between the ion

change coupling was not observed. Therefore, perpendiculgfoay and the sample surface was chosen to preferentially

exchange coupling is neither a sufficient condition nor a re-Sputter away MgO crystallites with crystallographic orienta-

quired condition for exchange bias. Nevertheless, frustratiogOns that did not have thg100] direction parallel to the

of _perpend|c_tjlgr ?XChang‘? coupling betweeF layer a’Fd a sample surface normal. This procedure produces a MgO film
twinned AF is |nt|mat<_aly_llnked to large exchange bias. In, i "5 random orientation in the sample plane, and.@0)
fact, for the Fe-Fefthin film system, the tendency to form oy e perpendicular to the film plane. After deposition of

uncompensated moments in a polyc_rystalline_AF thin ﬁlm’the MgO film, sequential electron-beam depositions of,FeF
would seem to be of less importance in determining the Magrgn nm thick, Fe (13 nm), and Al (20 nm were made at

nitude of exchange bias compared to frustration of perpe femperatures of 4782 K, 423+ 2 K, and 4232 K, respec-

dicular exchange coupling that can arise in a twinned A tively. X-ray diffraction confirmed the out-of-planél10)
system. texture of the FefAF thin film, while no evidence for in-
plane texture was found using in-plane glancing incidence
Il. SAMPLE PREPARATION X-ray diffraction. X-ray reflectometry determined the rough—
ness of the F-AF interface to betl nm.
This study involved investigations of three types of
samples. In all cases the F thin film is polycrystalline Fe. The | \AGNETOMETRY RESULTS—EXCHANGE BIAS
first sample, called the untwinned AF sample AF), was AND EXCHANGE COUPLING
prepared by sequential electron-beam deposition o}, 85
nm), Fek, (65 nm), Fe (12 nm), and Al (10 nm (a capping To confirm that the Fe thin films were exchange coupled
layer to prevent oxidationonto a polished untwinned bulk to the AF thin films after cooling through the Bepoint of
single-crystal(110) FeF, substrate. The bulk FgFsubstrate the AF (Ty=78 K), the F-hysteresis loops of the samples
was heated to 7782 K to clean its surface prior to thin-film Were measured with a superconducting quantum interference
deposition. The nominal temperatures of the substrate duringevice magnetometer. Exchange coupling between the F and
deposition of Zng and Fek were 4732K and 573 AF thin films is evident if exchange bias is observed, or if
+2 K, respectively, and of Fe and Al were 422 K. Using  the shapes of the F-hysteresis loops change upon cooling
x-ray reflectometry, the roughness of the F-AF (Fe-feF through Ty. The cooling field wasHgc=2.00+0.01 kOe
interface (root_mean_square deviation about its mbwas (:509 kA/m) Two COO”ng field orientations were examined
determined to be 2:00.5 nm. In-plane glancing incidence for sampleu-AF—one with the cooling field applied parallel
x-ray diffraction confirmed that the AF layer grew as an un-t0 the AF anisotropy axis, i.eKgdI[001] FeF, [Fig. 1(a),
twinned single-crystal film. insef, and one perpendicular to the AF anisotropy axis, i.e.,
The purpose of the ZnFbuffer layer is to decouple AF  HgdI[110] FeF [Fig. 2(a), insel. The values oHg andHc
order of the bulk(110 FeF, single-crystal substrate from reported in Figs. (&) and Za) were obtained from hysteresis
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FIG. 1. (a) Hysteresis loop at 10 Ksolid curvg and at 300 K ®
(dashed curvefor sampleu-AF, and the orientation of the cooling FIG. 2. (a) Hysteresis loop at 10 Ksolid curve and at 300 K
field HEJI[001]FeF, (insed. This cooling field condition produces (dashed curvefor sampleu-AF, and the orientation of the cooling
exchange biasHg= —32+2 Oe) of the F-hysteresis loop at 10 K, field H.= 2 kOe for HrdI[ 110]FeR; (inseb. Hg and H for this
and coercivity ofHc=59=2 Oe. (b) Polarized neutron reflectivity cooling field condition are-2+2 Oe and 218 2 Oe, respectively.
profiles taken at 20 K for applied fields shown by the closed sym+y) polarized neutron reflectivity profiles taken at 20 K for applied
bols @ in (a) on the left-hand sidd.HS) and right-hand sidéRHS) fields shown by the closed symbd®s in (a) on the LHS and RHS
for the same sample and cooling field orientation. Significant spinfor the same sample and cooling field orientation. No SF scattering
flip (SP) scattering is observed for coercive fields on either side ofis opserved, indicating magnetization reversal via domain nucle-
the hysteresis loop, indicating magnetization reversal via rotationation and wall motion. Data corresponding to LHS are shifted for

Data corresponding to LHS are shifted for the sake of clarity. Solidthe sake of clarity. Solid curves were obtained from fitted models of
curves were obtained from fitted models of the type discussed ifhe type discussed in Ref. 13.

Ref. 13.

. L . Yet, the direction of the measurement field always remained
loops measured at 10 Ksolid curve$ with fields applied parallel to the cooling field direction and the anisotropy axis

parallel (or antiparallel to the cooling field direction. The e ]
hysteresis loops measured for the same crystallographic or?-f Fhe AF thin film. Therefore, thiOOl] Fer_ dlfectlon,
\I(\thCh corresponds to an easy axis in the F thin film at room

entations at room temperature are shown by the OIaShe[emperature, is a hard axis in the F thin film at 10 K. This

CUIVES: change(and the nonzero value dfg), upon cooling is an
To see that the F and AF thin films were exchange 9 ¢ vau e UP =y

coupled for sample-AF, consider the first cooling field ori- ;awdence for the exchange coupling across the F-AF inter-
entation (Fig. 1). At room temperature the hysteresis loop ace. . — . -
[dashed curve Fig.(&)] is square, indicating that the mea- Now, co.n5|der the s.econ.d COO"”Q field orientatig.
surement field was applied parallel to an easy axis of the B)—one with the cooling field applied parallel l10]

thin film. Upon cooling throughTy, the loop[solid curve ~ FeF. At room temperature, the hysteresis lopashed
Fig. 1(a)] becomes sheared, indicating that tfreeasure- CUrve, Flg.za)] is sheared, so the direction in the F thin film
men) field was applied parallel to a hard axis of the F layer.parallel to[ 110] FeF, is a hard axis. Upon cooling in a field,
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the hysteresis loop becomes square, indicating that the axis !
in the F thin film is now an easy axis. This change from a

hard to an easy axis upon cooling is evidence for perpendicu- 08
lar exchange coupling across the F-AF interfésice the
easy axis of the F is perpendicular to the anisotropy axis of w 06 [
the AF); however, the exchange bias is nil. 2

The temperature dependence in the qualitative appear- = o4 |
ances of the hysteresis loops as square or sheared can be
quantified by plotting the remanent magnetizatidvi in 02 L
units of the saturation magnetizatidvig) as a function of
temperature for the two cooling field orientatidisg. 3(a)]. oo [

For completeness, the temperature dependence of the coer-
civity He and exchange biddg are shown in Figs. ®) and

3(c), respectively. The temperature dependencekl @fand
Mgr/Mg indicate a gradual rotation of the F anisotropy axis, 500 |
starting aroundTy, but not finally completed until lower
temperatures. The behavior is due to the competition be-
tween the intrinsic anisotropy of the F and the induced
anisotropies due to the F-AF coupling. Similar behavior was 200 ¢
previously observed for bulk FeFFe2® 100 |

The hysteresis loop shown in Fig(a} (solid curvg was

obtained from sample-AF at 10 K. Hysteresis loops were
also obtained by cooling and measuring in other orientations, 30t
and these did not differ significantly. The similarity of the 25 |
hysteresis loops indicates that the ferromagnetic properties of o0 &
the F layer were isotropic.

700 |
600 |

400 |

H, [Oe]

300 [

-H_[Oe]
>

IV. NEUTRON-SCATTERING RESULTS—
MAGNETIZATION REVERSAL MECHANISMS

The magnitude and orientation bf in the sample plane ’
relative to the cooling field and details about the magnetiza- P 0 %o 1m0 oo 20 a0
tion reversal procegs.e., whether magnetization reversal oc- T, TK]
curred via rotation or domain nucleatiowere determined
from the reflectivities of the samples measured with polar- |G, 3. (a) Remanent magnetizati g, i.e., the magnetization
ized neutrons. Polarized neutron reflectomeBNR) in-  of the sample for applied fielt ,=0, normalized to the saturation
volves specular reflection of a polarized neutron beam from gnagnetizationM g, is shown as a function of temperature. Solid
flat sample onto a polarization analyZ&Four neutron cross symbols correspond to directions ¢, and the applied fieléH 5
sections were measured. Two cross sections correspond parallel to[001] FeF,. Open symbols correspond k¢, andH
the non-spin-flip(NSP reflectivity profiles, where the inten- parallel to[110] FeF,. The crossover of the remanent magnetiza-
sities of the reflected radiation for spin-dg +) [and alter-  tion near 40 K suggests a change of the anisotropies in the Fe thin
nately spin-dowr(——)] neutrons illuminating and reflecting film. (b) The coercivityH is shown for the two cooling field ori-
from the sample were measurédThe difference between entations.H is peaked at the onset of AF order in Beft Ty
the ++ and—— NSF reflectivity profilesANSF is related to =78 K. (c) Exchange biagig is shown for the two cooling field
the projection ofM on the direction of the applied field 5, orientations. All curves are guides to the eye.
i.e., ANSF<M,. The remaining two cross sections are the
spin-flip (SP reflectivities. These are nonzero if the sample A feature of PNR, which we exploit for this study, is the
changes the neutron beam polarization from spin-up to spincapability to determine in one measurement, the fraction of
down (+—), and vice versa. For example,M has a com- the sample magnetization perpendicular to the applied field
ponent perpendicular to the neutron spas for example even if the net magnetization of the sample perpendicular to
would occur if the sample magnetization rotated away fromthe applied field is zero. Since PNR yields an average of a
the applied fielgl then the beam polarization will change, so spatially varying signali.e., the microscopic sample magne-
SFcM, . Therefore, we can determine from the PNR datatization) taken over dimensions of the order of a Fresnel
unambiguously the magnetization reversal mechanism, i.ezone width(typically having lateral dimensions of microns
whether the reversal occurs via coherent rotation vs domaiand often smaller than the lateral widthaF domair, and
wall motion. Moreover, the PNR profiles were fitted usingthe measurement is one of intensity, i.e., phase information is
models of the type discussed in Ref. 13, from which thelost, the fraction of a sample with magnetization perpendicu-
fraction of the sample with magnetization perpendicular tolar to the applied fieldN.B., either+90° or —90°) can be
the applied fieldM | is obtained quantitatively. obtained. In contrast, techniques whose “averaging dimen-
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1

orientations used as cooling fields in the magnetometry
study. Subsequent neutron measurements involved saturating
the sample in a+2 kOe field, reducing the applied field to
zero, reversing the direction of the applied field and then
increasing the field strength until the NSF-reflectivity pro-
files (the ++ and —— profiles were equal, i.e.ANSF=0.
This field corresponds te- Hc(T) +Hg(T) [@'s denoted as
LHS (left-hand sidéin Figs. 1, 2, and #whereM;=0. The
two non-spin-flip and two spin-flip cross sections were then
measured for each sample and cooling field conditigper
panel of Figs. b), 2(b), and 4b)].>? The right-hand sides
(RHS of the loops whereM ;=0 were measured by saturat-
500 1000 ing the sample in a-2 kOe field, reducing the field to zero,
@) H, [Oe] reversing the field direction, and then increasing the field
until the condition forM;=0 was achieved, i.eANSF=0,
corresponding taH(T)+Hg(T). The neutron reflectivity
profiles for the RHS are shown in the lower panels of Figs.
1(b), 2(b), and 4b). Results of the neutron and magnetom-
etry measurements for samplesAF and p-AF, along with
those previously reported for the twinned AF sam(sl@mple
t-AF), for the different cooling field orientations are summa-
rized in Table I.

Comparing the neutron-scattering results shown in Figs.
1(b) and 2b), the cooling field orientation that produces ex-
change bias, i.eHgJI[001] FeF, [Fig. 1(a), inset, is also
one which leads to magnetization reversal via rotation. Mag-
netization reversal through magnetization rotation is evident
by nonzero SF intensity in Fig.(f), since SEM, [Fig.
1(b)].% The magnitude of the SF intensity suggests that 78%
of the sample magnetization is perpendicular, ikl
=78%, to the applied field at coercivity. Magnetization ro-
tation is promoted due to aniaxial anisotropy in the F thin
film that is perpendicularto the cooling field(and to the
anisotropy axis of the AF, thus perpendicular exchange cou-
pling is established®* Since exchange bias is observed, a
unidirectional anisotropy in the F thin filmarallel to the
textured such that th€l10) direction is perpendicular to the film cooling field(and to the AF anisotropy axisan be inferred.

plane. The exchange bias and coercivity for this sampleHare The dlr_ectlons of the anisotropy axes in the F layer are
—30+2 Oe andH=211+2 Oe, respectivelydg andH did not shown in Table (Row 2, Column 5. . . . . .
change significantly for different cooling field directiorib) Polar- For the case of the second cooling field orientation, i.e.,
ized neutron reflectivity profiles taken at 11 K for applied fields HedI[ 110] FeF, [Fig. 2(a), insefl, SF scattering was not ob-
shown by the closed symbo® in (a) on the LHS and RHS for the served [Fig. 2(b)], so magnetization reversal occurs via
same sample and cooling field orientation. No SF scattering is obaucleation of a magnetic domain in the direction opposite to
served, indicating magnetization reversal via domain nucleation anthe saturating field, and motion of domain walls. In other
waII_ motlor_1. Data correspondln_g to LHS are shifted for the sake Ofwords, cooling in a field wittH Fc”[TlO] FeF, produces only
cl_arlty. Soll_d curves were obtained from fitted models of the tYPeyne uniaxial anisotropy in the F thin film. The uniaxial an-
discussed in Ref. 13. isotropy lies along a direction parallel to the cooling field
direction and perpendicular to the AF anisotropy axis. No
sion” encompasses the entire sample, for example, vectaxchange biasHg=—2+2 Oe) is observed in this proto-
magnetometry, could yield zero signal for which a multitudetypical example of a perpendicular exchange coupled sys-
of explanations are possible. We note that in the directioiem. This experimental observation reinforces a theoretical
perpendicular to the sample surface, the “averaging dimenresult of Schulthess and Butf8¢! that spin-flop coupling
sion” for PNR is typically 1 nm thus, in principle, variations does not by itself produce exchange bias.
in the depth dependence of the sample magnetization can From the study of samplg-AF, we conclude that perpen-
also be inferred! dicular exchange coupling between F and AF layers is not a
For the neutron-scattering experiment, the samples wersufficient condition for exchange bias, since both cooling
cooled toT<Ty (to 20 K for sampleu-AF and 11 K for field conditions produce perpendicular exchange coupling,
samplep-AF) in fields corresponding to the magnitudes andyet only one condition yielded exchange bias. This condition
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FIG. 4. (a) Hysteresis loop at 10 K for sampfeAF. The cool-
ing field Hc=2 kOe, was applied along the film plafiedicated
by the “O” notation in the inset The polycrystalline FefFfilm is
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TABLE |. Summary of results for untwinned AR-AF), twinned ARt-AF), and textured polycrystalline AFp-AF) samples.

SreS
Sample T H FC Hg [Oe] dor% i‘nsF AF‘ F anisotropy axes Asymmetric Magnetization reversal
(arrow length
Orientation (arrows qualitatively indicates reversal mechanism
show directions of size of anisotropy)
Fe spins)
A A
u-AF = = -32+2 1 no Rotation
* ‘7 Domain nucleation and
u-AF < <‘E 242 0 no wall motion
Q o Domain nucleation and
p-AF -30+2 . I no wall motion
P
4499 1
S N ~ .
t-AF DIy -76x2 2 no Rotation
% A Rotation (LL.H.S.)
/;23{;%\ Domain nucleation and
S N omain nucleation an
AR | %G o | 32552 NP yes wall motion (R.H.S)

%Reference 37.

is one where the F spins are oriented paraheld antiparal- tion, since SEM, , so the magnetization reversal process is
lel) to the spins of the AF during cooling. In other words, if gy mmetric on either side of the loop. For the second case

et be satafiet cuting 610 cooling. Generatsing to SiuaSAMPIEAF With Hed[110] Fef), and in the case o
. S : . -~ “samplep-AF (sample with the textured polycrystalline AF
tions Whefe. the AF.'S twinned or pOIypry;talllne, the cooling ;o ojeq in any field orientatiofparallel to the sample plaje
field condition leading to exchange bias is one where SF scattering is not observed on either side of the f5dp.
the latter two cases, magnetization reversal occurs via do-
|Se- Sa #0 r_nain nucleatior(i.e., _nucleation of dom_ains with magnet_iza-
domains AF tion directed opposite to the saturating fielehd domain
wall motion. Even though the magnetization reversal process
with the sum taken over all AF domains. The sums are tabuis different (rotation is not involved from the first case
lated for the different samples in Table I. (sampleu-AF with HdI[001] FeR,), the reversal processes
Measurements of SampfeAF (the sample with the tex- are symmetric on either side of the same hysteresis loop. In
tured polycrystalline AF filmobserved only a unidirectional other words, the samples witlntwinned single crystal or
anisotropy(as indicated through exchange biaBy fabricat-  PolycrystallineAF thin films always exhibit symmetric mag-
ing this sample in such a way that neither the AF film nor then€tization reversal processes on either side of the
F film could have macroscopic uniaxial anisotropies, perpenE-hysteresis loop. , ,
dicular exchange coupling between the F and AF cannot ex- FT€viously, an asymmetry in the reversal prodesgation
ist. Yet, exchange bias was still observed:; therefore, we cor2 the LHS and domain nucleation and wall motion on the
clude that perpendicular exchange coupling is neither HS was reported for Fe layers exchange coupledined

sufficient condition nor a requirement for exchange bias. 10 MnF; and Fef single-crystal films. (More recently a
weak three fold anisotropy was identified in a similar Fe-

twinned Mnk, sample'® The three fold anisotropy may play
V. DISCUSSION an important role in asymmetrical magnetization reversal.
. . Asymmetrical magnetization reversal was observed when the
In comparing the neutron dal&igs. 1b), 2(b), and 4b)]  tyinned sample was cooled in a field applied along a direc-

fqr fthe. dif_ferent samples anc.i.cooling field orientations,_ ON{jon that bisects thE01] axes of the FefFtwins (see figure
similarity is observed. Specifically, the neutron reflectivity jhset in Table I, Row 6, Column)2 The exchange bias

profiles taken for coercive fields on either side of the samg_= — 325 Oe) for sampl&-AF is about one order of mag-
hysteresis loop are the same. In the first ogsenpleu-AF nitude larger than those measured for samplés or p-AF.
with HedJI[001] FeR,), SF scattering is observed on both  When the twinned sampl&-AF) was cooled in a field
sides of the loop indicating magnetization reversal via rotasuch that one half the sample heigdI[001] FeF, and the
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other half hadHFCII[TIO] FeF, (see figure inset in Table |, field orienta’Fion, p_erpendicular exc.hange coup_ling was al-
Row 5, Column 2, the magnetization reversal process oc-"V&s established in the sample with the untwinned single

curred via rotation and was symmetric on both sides of th&'YStal AF. Yet, only the field orientation that aligned the F
loop. For the symmetric reversal case, the exchange biapswag_netlzatlon parallel to the anlsotropy axis of the AF while
(He=—76 Oe) was reduced compared to the asymmetri(,COO“”g throughTN led to exchange bias. In the cc_ase.of the
reversal caseHc= —325 Oe). This reduction is partly un- S@mple with the texturecout-of-plang, polycrystalline(in-
derstandable in the context of the present results for sampllan® AF, exchange bias was observed but perpendicular

u-AF, since unidirectional anisotropy may not be establishe(fxlfhar;ge Er?upllingd Wastnot obisedrvetdﬁ ;I'hese ogserlvations
in half of the twinned samplé.e., the half withHedI[110] ot [09eher fead us 1o conciide that perpencicliar ex-

36 ! . : .. change coupling is neither sufficient nor required for ex-
FeR)™ In other .words, during field Cool{r!g the quar_1t|ty change bias. However, frustration of the ferromagnet or per-
S domaind St Sae| is smaller for the condition promoting

; T endicular exchange coupling across the F-AF interface, can
symmetric magnetization reversal {=—76) compared to P g PN

change the anisotropy of the ferromagnet, and alter magne-

the condition that promotes asymmetric magnetization revelg, ation reversal processes, which may play an important role
sal (Hg=—325 Oe).

h . d in enhancing exchange bias.
However, the expressi@Byomaind Sr- Sar| does not quan- In contrast, the orientations of individual grains within the

titgtively account for the large gxchange bias of the Sampl%lane of the sample with a texturéout-of-plane, polycrys-
with the twinned AF. In the twinned system, the exchang&,jine AF thin film, are random, so well-defined uniaxial

bias is between two and ten tim&tepending upon cooling - 4nisqiropies in the F thin film were not formed. The inability
field orlentatlo_I) larger than that measu_red for_thg untwmnedto form a uniaxial anisotropy in the F thin film, crucial to
or polycrystalline AF samples. A peculiar extrinsic feature Ofenhancing exchange bias in samples with twinied un-
the twinned sample is the smallo nm lateral dimension of -y inned single crystal AF thin films, may preclude large
the twins, which, given that the anisotropy of kel so exchange bias in the polycrystalline AF system.

large, likely limit AF domains_(laterab sizes to be eqL_JaIIy_ The results from our systematic study of the influence of
small. Because the AF domains are so small and their orieng g crystalline quality on EA, suggest that in order to en-

tations in the sample plane well defingdy the 90° twin 5.6 exchange bias three conditions should be fulfilled.
relationship, interactions between the exchange coupling

mechanism across different parts of the F-AF interface are (1) The orientation between the spins in the AF and the F
likely important and may lead to frustration of the F layer during field cooling must not be zero, i.e.,

(regardless of cooling field orientatipnFrustration in the

twinned system results, since one AF domain cannot adopt a

perpendiculaftlow-energy orientation with the F layer with- > IS Sarl#0

out another AF domain being forced into a paralleigh- domains

energy orientation. These interactions produce two uniaxial

anisotropies in the F thin film that are rotated 45° from the(see Column 4, Table)l

anisotropy axes of the twinned AF thin film and lower the () By choice of cooling field orientation relative to the

energy state for the entire system. AF or by engineering the AF microstructure, a uniaxial an-
Frustration of perpendicular exchange coupling is inti-jsotropy in the F layer should be formed in addition to and

mately linked to large exchange bias. When the cooling fielthot collinear with the unidirectional anisotropy produced by

is applied parallel to a direction that will upon cooling be- fie|d cooling (cf. Column 5, Table)L

come one of the two well-defined uniaxial anisotropieso- (3) If multiple uniaxial anisotropies exist in the F layer,

duced through frustration of perpendicular exchange coupne anisotropy axis should be aligned with the cooling field,

pling), exchange bias is still further enhano@@ble I, Row  thys, promoting asymmetric magnetization reversal across
6, Column 2. This enhancement is correlated with an asym-the hysteresis loogcf. Column 6, Table )L

metry in the magnetization reversal process on either side of

the F-hysteresis loop, which tends to suppress reversal on

one side of the loop while promoting reversal on the other ACKNOWLEDGMENTS
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tion in the F thin film of exchange coupling to differently ori-
ented nanometer-sized AF twins. By extension from the study of
the untwinned sampléampleu-AF), half of the twins promote
unidirectional and uniaxial anisotropi€® different directiong

in the F thin film, while the remaining half will promote only an
uniaxial anisotropy in the F thin film. Competition between the
formation of different anisotropies over lateral length scales of
tens of nanometers may lead to frustration in the F thin film, and
concomitant enhancement of exchange bias.

37The factor of 24r is obtained by evaluating the integral represen-

tation, [ 37| cos@)|dei2m, of the SUMS gomaindSe- Sar!-



